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INTRODUCTION 


The Bureau of Mines tas been studying the blast furnace for a number of 
years and has published detailed reports on various phases of its investiga- 
tions. Inquiries frequently received for information of a more general char. 
acter thax taat given in the detailed renorts neve promoted the prevaration 
of an information circular to cover in a general way the important features 
of the Bureau of Mines blast-farnace investigations. 


SLAPE AND DIiiNSIONS Ct FURWACE 


Tze wodern blast furnace ansrozimates a refractory~lined steel cylinder 
about 9O feet in heigut ana 25 feet in diameter. It actually consists of a 
number of cylinders and truncated cones suverimposed upon eacn other. The © 
shape and dimensions of a mocem: furnc.ce are siown in figure 1. The bottom 
section, commonly referred. to as tie ..earth or crucidle, is a cylindrical 
section about le feet nizi.. Licuicd metal and slag collect in this part of 
tue furnace and are withdrawn at regulir intervals; iron is removed at a lev— 
el about 2 feet above the bottom of the furnace and slaz at a level about 5 
feet higher. Depending unon the size of the furnace, 40,000 to 75,000 cubic 
feet of preneated alr per minute is introduced turovgh from 10 to 16 tuyeres 
equally spaced around the peripuery of tue ..earth. | 


Tie divergent cone above tiie crucible is celled tie bosh. Inmediately 
above tne bosk is a snort cylindrical section. A long section, commonly 
termed the "sraft," is loceted above tnis snort cylindrical section. The in- 
ward slope of the walls ii: t.is part of the furnace is called the batter. 
This slope varies from 0.75 to 1.25 inches in 12 incnes. Many furnaces have 
@ si.ort cylindrical section near the top. Tie outward flare of the walls 
above tie stock line extending to tiie level of the gas offtekes is a recent 
develonment to orovide eaditional volume above tne stock line. Measirements 
by tiie United St:.tes Bureav. of iiines of sas velocities above the stocil: in 
one furnace s::owec &@€n increese from 7.6 feet per second with the big bell 
closed to 250 to 300 feet ser second wien tne big bell was lowered and the 


1 The Bureau of Mines will welcome revrintin; of tis paper, »rovided the 
following footnote acknowledsmeut ig used: "Reprinted from U. S. Bureau 
of Mines Information Circular 6779. 

2 Supervising en;ineer, U. S, Bureau of hines, North Central Excperiment 
Station, kinneapolis, hKiinn. 
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stock was discharging into the furnace, This lerge increase in .zas velocity 
as the ciarge moved into the furnace stowed the need of more space when the 
big bell and the moving stream of stock occ 1pied a large portion of tie 

_ space above the stock during. the short: intactval of charging. Tae upver part 
of the furnece is insulaved with about 4 feet of fire bricr, wkhile in the 
lower part a tnoinner refractory wall is maintained by means of water-cooled 
blocks. 


Essential Features of Process 


The blast performs tiuree major *unctions: Ore, coke, and limestone are 
preleated; the ‘metallic’ oxides in the ore ire deo:idizea or convertec i:to 
metel; and tne retulting iron and slag 2re meltei. Rew materials (ore, coke, 
ay.d. flu::): are cuavged into the top of tne furnace and descend countercurrent 
to large volumes of carbon monoxide und nitrogen, generated near the bottom 
of the furnace. As ea result of the countercurrent principle zas with the 
lovest reducing power comes in contact with ‘the more easily recuced higher 
oxides at comparatively low temperat-res nezr the top of tne furnace, end 
gas richest in carbon monoxide meets thé ore in the final stages of reduc~ 
tion at lower levels in tbe furnace. This results in waximon utilization 
_ of the reducing power of tiie gases. In a similar way. tke cold materials en 

tering the top of the furnace come in contact with ti:e colder gas, wnich aids 
transrer. of heat from g¢a8 to solids by maintaining the’ a possible ther- 
ral agee between ge6e8 and - mone ags 


7 a Basic principles of ee Furnaces 
aes : 7 ~ Same. as. in Barly Furnaces | | 


: The ee process ‘for converting iron ore into cast iron is fundamer~ 
tally the same as. that developed by vie dronmokers of central Eurove about 
1350. At that time conmaratively hig urnaces, built of masonry end similar 
in snape to present furnaces, began to supersede | the snort furnaces or forge 
furnaces in. which a mixture of iron and charco&l vas heated until a smell 
quantity of pasty metal vas-obtained. This metal, which wis very low in 
carbon and célled- wrought iron, was tien forged into useful articles. Many 
improvements have been uede in blast-furnace construction, ia operation, and 
in the aandling of materials since the first prdduction cf cast iron or wetal 
ceataining enough carbon and ovuer elements 60 tnet it ‘could be cast into 
useful su.apes,. & 


Importance of aaginesring Siri a Larze Factor. in 
: Blast-surnrce Progress oa 


The chemical ere of raw materials and products hus been very es-— 
sential to blast-furnace arngress,.bvt the-mecianical construction of the 
furnace, the suape of the furnace, - ‘the methods of handling and Cusrgin.; rar 
materials, the proper pre:ecting of! tie charge, and particularly the slag 
and wetal nave attracted more attention among metallurgists than tre c.emi- 
cal process of ore deoxidation, ‘There are very’ good reasons for tnis, SEver; 
Chemist will agree that it is necessary to get reacting substences in contact 
at required temperatures for chanical reactions to oroceed. Contact between 
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Figure 1.- Lines of modern blast furnace. 
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iron ore and reducing agents can be obtained very easily on a small scale, 
and metallic iron can be produceca at ¢. fairly low' temperature (950 C.). To 
produce pig iron in economicel tonanezes, Lovever, cnginecring skill is neces— 
sary to provide on a large scale opvortunity for contact-between iron ore, 
coke, and limestone, and. lected red:cing agents, The blést firnace nas sure 
vived because of its ability to procuce large tonnages of iron economically. 
It is an economical wviece of equinment because of its combined efficiency as 
@& large-scele gts »roducer, as a larj;escsle neat generator and interchanger, 
as a large deoxidizing chamber, and as a large melting furnace. 


Blast Furnace @ Large Gas Producer 


The various functions of the blast furnace may be understood more clearly 
if the process is considered from several noints of view. Altnough the blast 
_ furnace is not operated primarily to nroduce gas for utilization outside of 
' the process it may nevertheless be considered as a huge gas producer operated 
on preieated forced blast. If the furnéce is onerated wito & fuel consumption 
of 1,700 pounds of coke per ton of iron, vaich implies good raw m.terials and 
~ood vractice, about 120,000 cubic feet of gas «re produced per ton of iron. 
as the quality of paw materiale falls off tne amount of gas produced per ton 
of pig iron incresses very repidly, and the operation aporoaches that of a 
slagging-type producer whose primary function is to produce combustible gases 
for use in other vrocesses. For e-ample, if 5,100 pouncs of coke are re- 
quired as a result of hiz:ly siliceous iron ore, inferior coke, or poor fur- 
nace practice, about 220,000 cubic feet of g&s will be produced per ton of 
pig iron, The amount of €as produced ver ton or iron devends upon tie iueat 
requirements for a given set of conditions, Modern furnaces, producing 1,000 
‘tons of iron per day ou & fuel consumption of 1,800 pounds of coke per ton 
of iron, will have a daily output of about 127,000,000 cubic feet of gas. 


Blast Furnace a lerge Eeat Generator 


The quentity of heat required to »roduce a ton of pig iron varies with 
the quelity of the raw materials and ths mainer in which tne furnace is opera- 
ted. About 14,000,000 B.T.U. are generated per long ton of pig iron in Ameri- 
can furnaces operating on Lake ores conteining 51.5 percent iron and about &.5 
percent silica. In thermal studies of the blust furnace the general method 
has been to charge the furnace with the amount of heat generated per ton of 
pig iron, including the sensible heat introduced vith hot blast; tnat is, 
the furnace is charged only for the neat generated per ton of iron and not 
for the total calorific value of the coke. On the basis of heat generated 
per ton of iron and heat consumed in the furnece per ton of iron the thermal 
efficiency of the blest furnace usually exceeds 80 percent. Inasmuch as the 
blast furnace is not primarily a heating furnace and must produce a highly 
reducing gas it hardly seems logical to charze the furnace with the total 
calorific value of the fuel. If, however, tue total calorific value of the 
coke is charged ageinst the furnace, its thermal efficiency is only about 
60 percent. On such a basis the tnermal efficiency is high when compared to 
that of other furnaces. The open-nearth furnace, for example, has a thermal 
efficiency of about 20 percent. 
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| BlasvFornace asa Hees PncercLanger 


The high therial sderetengy of the blast auvnacetie die largely to its 
efficiency as a heat intercnanzer and to low heat losses. The. production of 
large voiumes of cérbon t:cuoxice and nitrogen in the lower part of the fur~ 
nace ig accomsaeniel by the ev»iution of a large amount. of heat. This neat 
is liberated in such a smell section of thé furnace tiat high temperatures 
are attained. A smnsll part of tne Heat is absorved by the coke in the com 
bustion Zone and by the elag and metal passing through this zone. iiost of 
the nect is carried to the upser part of the furnzece as sensidle heat of the 
gas stream, Transfer of seat from gesges to solids occurs tLroveznout a col— 
umn about 70 feet Ligh and 20 feet in diameter. Tne tortuous flow of ges 
‘tarcugh a portion of the voids in sich-& colum of irregular solids provides 
intimate contact between gas and solid or a. large number cf "head-on" colli- 
sions between gas and solid. Heat losses are comparatively small because 
the ratio'of tae volume of the furnace to the external surface from which 
heat may’ be lost by radiction or Raber coohsne eeveune is small. 


Waen the furnace is in operation ee upper section is filled Witi. varti- 
cles of ore, coke, and limestone, which tend to retain their snape and size 
until tae fusion zone is reacned. Below ti:e fusion zone coke alone remains 
‘in the solia form and suvports part of tke total weight of the stock above. 
About 1,800 tons of ore, 450 tons -of limestone, and 800 tons of coke are 
charged daily into the top of a blast furnace capable of producing 1,000 tons 
of piz iron in 24 hours. This quantity of raw material is brought up. to the 
tenperature prevailing in the crucible of tke furnace ‘by. being moved down— 
ward under the force of gravity countercurrent to about’.120,000,000 cubic 
Test of gas reduced to standara conditions. Tuis amounts to 18 cubic feet 
of gas per pound of charge. . . | “ae 


The gases leave the combustion zone in tue vottom of tae furnace at a 
temperature of about 2,000° C. and zradually decrease in temmerature as they 
ascend tirough the cuarge anc give up their sensible neat to the cnirge. One 
cubic foot of gas generated at the tuyeres carries only enovugi heat to bring 
1 ounce of stock uo to tle temperature in the crucible; that is, tae ses 
has a lov neat cavacity, but due to tne: fact. that .a very large amount of gas 
is passed through the charze: tie total transfer of neat is large. The large 
volume of gas.involved in the rrocesscomes largely from the air, whicn is 
the largest single material both by veigi.t and volume that enters tne blast 
furnace, For example, a 1,000-ton furnace would use. a total of about 3,000 
tons of raw materials and about 3,600 tons of air in 24 hours. 


Blast Furnace a Large, Vertical 
Chamber for coxidizin, iron Ore 
Tie intimacy of: Sontast essential for ‘the transfer of neat from gases 
to solids which is obtained by: the. countercurrent circulation of gases and 
solids in the blast furnace is likewise a desirable feature in the large- 
scale deoxidation of iron: ore, Highly heated as well as strongly reducing 
gases generated near the bottom of tne furnace pass through.a long vertical 
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colum of iron ore, coke, and limestone, the coke and limestone acting to 
some e::tent as spacers, which give the column permeability to gab flow. . The 
primary function of the coke is to produce heat required in the process, while 
the limestone reacts with the earthy materials (silica.and alumina in the ore) 
to rroéuce a fluid slag that will flow readily from the furnace. 


A modern 1,000-ton furnace consumes in 24 hours ap»vroximately 1,800 tons- 
of ore containing about 400 tons of oxyzen. The major »art of this oxygen | 
is removed from the ore by bringing it in contact witk carbon monoxide gas, 
which at the prevailing temperature in the blast furnace removes the oxygen 
from the ore, 


Operation of Process Behina Closed Buors 


In normally operated furnaces the tuyére oveninge througn which air is 
admitted afford the only opportimity for direct odservation of conditions 
existing in the interior of thre furnace. Tae fiirmece operator watches condi- 
tions he can see turough the tuyeres very closely and cianges iis operation 
according to the analysis and termereture of tne iron and metal tapped from 
the furnace. Hovever, re is greatly nandicanped by lack of information on 
the conditions between the stock line and the vottom of the furnace. In at- 
tampting to study the blast furnace the Bureau of Mines «.as focused attention | 
upon ways and means of learning sonetning abovt conditions in the interior 
of the furnace, unon laboratory studies to determine tne relative resistance 
which various sizes of particles offer to the flow of gases, and uvon factors 
that control the transfer of heat from gases to solids. The investigations 
into interior blast-furnace conditions have been conducted on an experimental 
blast: furnace: ‘and’ upon commercial furneces, while the other two problems 
have been studied in the laboratories of tie North Central Exveriment Station 
at Minneapolis, Tiis line of study was-sromted by. tie belief that informa- 
tion on-conditions on the inside werkings: of a blast furuace would suggest 
means of improving the process, which involves the counterflow of gases and 
solids. To learn sometu:ing about the pressure required to force gas through 
beds of irresuvlar solids end to know the. distribution of gas that would re~ 
sult from a given size distribution of solids it was necessary to. conduct 
extensive laboratory exveriments, because very little pertinent information 
was available. Similarly, fundamental information was needed upon the trans- 
fer of heat from gases flowin, t:.rovgh beds of broken solids. 


Combustion Zones in Front of Tvyeres 


Tne seat of life of -tie furnace is in the combustion zones in front of 
the tuyéres, because the Heat as well as the reducing gases for carrying on . 
the process are g«enerated in this part of t~e furnace. To determine -the . 
conditions in front of the tuyéres vndor vridely different conditions Perrott 
and Kinney of the Bureau of i.ines explored tue combustion zones of some 16 
& Perrott, G. St. d., ‘ond | Kinney, S. P., Combustion of Coke in. the Blast Tor- 
nace} Trang. Am. Inst. win. and Het. mmg., vol. 69, 192U,: pp. 54 5~584., 
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furnaces by means ‘of vater-cooled sampling tubes driven into ‘the furnace 
turough the tuyéres. — _ 
Figure 2 shovs the’ ‘comfoai tion’ of ‘the gases in the sonbas tion zone and 
brings out a very important ooint that the active combistion zones are com 
paratively smail. The curves show the cnange in gas comosition at progress~ 
ive distances from the nov: ‘of’ tiie tuyers' ‘in tdéward the: center of the furnace. 
Tue tuyere is a water-cooled ‘copper casting e.tending -deveral inches in ‘be- 
yond the wall of the furnace. sro. distance corresnonds to ‘the face of the 
tuyere where the preneated air rirst strikes the ficl bed. ~The normal 21 ver 
cent of ozysen in tu.e air immeciately drops to about 14 per cent. Gas occupy- 
ing the space between coke lumps is presumably burned by the oxygen of tue 
air. This is the most obvious exclanation for tue midden drop in oxygen con 
tent. At progressive distances in toward the center of tue furnéce tre ozy- 
gen content decreases until it practically disaxpears at about -30 inches. 
Tne carbon dioxide reaches a maximum about 23 inches fromnosé of the tuyere 
“and falis off to practia@lly zero percentave at-40 t6 50 inches. The carbon 
monoxide increases very ravidly peyona se inches: and: ‘reacies @ maxinnm in 
tue center of the furnace. | | ae 
The composition of the meeee Bee tne fuydre.- Level sows that: renee ted 

air is converted into’ ‘carbon “monoxide and- nitrogen ‘within “a .small zone ex- 
tending about 40 to 50 inches beyond the nosé. of ‘tiie -tuyeres.. No furtner 
burning of the coke can take ‘place outside of these suezll: combustion’ zones; 
therefore the coke is shrinking or disappearing se Ugh these Farner 
smell zones around the ‘periphery: a the ‘furnace. ~ TE : 


If. ‘ary air is saturated with carbon by eee it into an’ :aheaneees 
cent fuel bed, a gas composed of about 66 jer cent ritrogen and &% per cent 
carbon monoxide is produced. This composition is tue resilt of the. fixed 
ratio of o:ygen and nitrogen in dry air (264° ‘parte oxygen to 1,000 parts 
nitrogen by volume). Tne small percentages ‘of nitrogen in the center of the 
furnace indicate that o:yzgen combining withthe carbon is derived from some 
other source than the blest, for example, ‘mnetadlic oxides in the charge. 
Such. dilutions of nitrozen as those found show moreover tiat the main gas - 
«stream does not flow freely tarcugh | oe cen tfal- area at tue tryére level. 


Fizure 3 is a diagram of the’ combustion zones: “in front of the tuyéres. 

Tunis is a cross section of the tuyere level. Before tue gas na were 
taken from the tuyéres~ ‘by. Perrott. and Kinney:. the general opinion wes tiat 
combustion was occurring all across the heartu of tne furnace. Actually 
tuere is a big inactive area in “the center ‘of the furnace. Figure 3 shows 
tne length of the combustion zones as 40°inches on eaci side, which leaves 
an inactive zone 82 inczes in the center of' a 13-foot 6-inch hearth. Data 
from furnaces of varying hearti: diameters indicate that the combustion zones 
are about the same size for a small: furnace as for a-large oné.: -This means: 
‘that tre inactive zone at the tuyere.level of a furnace with a reartr diameter 
of 25 feet represents a largé portion of: tiie total area. In svite of. tLis . 
condition nearth areas nave been increased until the 600-ton .S.nace of: 10 
years ago now produces 1,000 tons per day. The larger furnaces have operat- 
ed more smoothly, but tne gain in protuction has not been in proportion to 
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hearth areas and tuere has been no definite improvement in fuel consumption. 
As the hearth has been widened end tns bosh dewvened and lowered the mechehi- 
cal settling of the stock hes been aided. Heat losses uave been lowered sub- — 
stantially in tne 1,000-ton furnace. Some of the advanveges of the large © 
furnace from the standpoint of fxel economy anperertly aeve been offset by 
certain otvner incerent disadvantages. 


Figure 4 snot's the apvroximate size and shape of tiie combustion zones 
according to Kinney.t Tis dotted areas lying on each side of the furnace 
represent the combustion zones in front of the tuyeres. The smaller area 
Ccesignetec by the letter A is one in wiich free oxygen exists. Area A rev- 
resents a section in which carbon monoxide occurs in greater nercentages; 
consequently, this sone is more stroncly reducing. 


Inactive Core at ere Level 


Several bits of evidence indicate that the certral portion of a blast 
furnace at tue tuyere level and prolably at nisher levels in the bosh is 
comparatively inactive. As previously steted, the gas in the central por- 
tion of the furnace at the tuyere level contains less nitrogen than the main 
gas stream generated in front of tue tuyeres, indicatins taat tLe gases do 
not flow readily throw: tne central urea; if they did, one would obtain a 
nitrogen content or about €O per cent in plece of as low as 44 per cent. 

(See fig. 2.) 


The distribution of heat in the oblast furnace depends largely uvon con~ 
vection. In and above the tuyere zone tie temperature depends upon the amount 
of heat carried to a particuler part of the furnace by the yas stream. A 
limited gas flov means comparatively low temperetures, Kinney found the 
center of the furnace to be about 200° C. colder shan the tuyéres. 


In taking samples throu. whe tuyéres by means of a water-cooled tube 
it was observed tact the sample tude could be pusued into tie stock fairly 
easily for about & inches. At tuis point it wes vsually necessary to use 
a dolly to drive the tude farther in toward the center of tie furnace. The 
stock was apparertly ueld‘tocether more tizitly in @ plastic condition. 


Localized Combistion at Tyycres and Flow of Stock 


Tne coke is burned in a comparatively small area around the periphery 
of the furnace; tlerefore tue stock settles faster in the area imiedietely 
above the combustion zone. The over~£ll result is a more rapid descent of 
stock along the periphery of the furnece tinn in the center of the furnace. 
Kinney2 conclidai ram mersvracants of atozs flow 1n the furmece (sow in 
fiz. 1) that the stock near tie walls vas movin, approximately one-third 


4 Kinney, S. F., asyster, F. £., and Joseph, T. L., Iron EAE ees uraece 
Reactions: Tec... Paser 5$1, 3ureau of Mines, 1927, vp. 3d. 

> Kinney, S. P., The Blast-Purnsece Boe Coluuns. aeons Paper 442, Bureau 
of zines, 1S2y, p. 3h. 
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faster then the average ‘rate of stock movement and that tae center of tie 
-colvum was moving 6t a rete considerably lower tian the averaye. Tais aitf- 
eronce in rate of stock travel operates against a trm.e cow: BOS rent :.0ve~ 
ineiit of solids and gases. 


Factors Controlling Distribution of Ges 


Uniform distritution of tiie gases in the blast furnace affords tac 
greatest ooportunity for tie gases to give up their Leat to tae solid charge 
anu for the was.imumiilization of tue reducin; power of the gases. Uniform 
distribution of zas implies taet the chargzs offers unifora resistance to ,.as 
flow; that is, the voids betweon the lucps of tho charge in tne center cf 
tne furnece and along the veriphery uwusi afford the sauwe effective free crea 
through wnicu the gases mey pass, Ti:is effective free aren or interstiticl 
space devends to a very large extent upon the size of solic particles occupy= 
ing a Elven vart of the furnace. In general, tne resistance to ¢as flow 
varies inversely as the 1.2 pover of tne diameter of tre particles; tuat is, 
_ pieces + incr in diometer will offer more tnan twice as mich resistance to 

gas rlow as vieces 1 inch in diameter. Fi:sure 5 phows low repidly the re- 
Sigtance to cas flow increzses in the range of sizes from (- to l4=mesk, 
Uniform ¢as distribution ooviously requires uniform size distribution. 


Size sezrezation 


| It is well lImown that in a pile of unsized material the large pieces 
roll to the outsice. Wen one considers the enormous disparity in the size 
of the average Lake ores and of metallurgical coke end limestone, the ciffi- 
culty of charging such meterials witlout excessive size segr2.ation becomes 
@pparent at once. The ore particles range in size from dust to >ieces sev- 
eral inches in diameter, while the limestone end the coxe vill range fron 2 
.to 6 inches in diameter, 


| The raw m.terials ere charged irto a blast furnace by means of a bell 

and hopver, shorn at tie tor of figure 1. Thre bell is us elly 15 feet in 
diameter and tne stock line 17 feet. ‘This leavet a 2-foow clearance betreen 
toe vell aud the furnace wall. aAs the Lell is lowered the cuerge slides 
orf and erranges itself in la;ers as shown by the furnecs model=. ‘he dark 
layers wiicr are tuick et the wall and tnin in the center ere tne i1on ore, 
The liznter layers of coke ere thin rear the walls and tuick in the center 
_of the furnace. Such en arrangement is to be expected from the differeace 

in the size of the ore and the coke. The swall particles of ore tend to 
build up around tre peripuery, while tae larger particles of coe tena to 
roll. toward the ccntor of the furnace. | 


Angle of Repose 
Ina series of tests with furnace’uodels many observations were made on 
& Farnes, C. C., ana Jose.h, T. Le, Stock Distribation ana | GF s-Solid 
Contact in the Blast FParnace: Tech. Faner 476, Bureau of iiines, 1°20, 
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the angle of repose of the ore and of the coke after they had settled into 
place on the stock line, For the ore lavers the average anzle of renose was 
34°, and for the coke layer the average angle of repose was 27.59. ‘This diff- 
erence in tne average angle of repose of ore and coke is an important factor 
in the causes of size segregation. Figure 8 is a zeneralized diagram of the 
arrangement of the ore~coke layers. This sketch shows a larger ratio of ore 
to coke near the walls tiian in the center. If the ore particles are smaller 
than the coke, tie average particle size will be smaller near the walls, and 
the resistance to gas flow will be greater. In a furnace with a 17~foot 
stock line the ore layer for normal charging is probably about 1 foot thicker 
et the walls than in the center; that is, if the layer of ore is only 1 foot 
thick at the wall it would be apnracimately zero thickness at the center and 
the ore~coke ratio would be zero at this point. The correspondin;; coke layer 
might be 0.5 foot thick at the wall and 1.5 feet at the center. Suppose the 
size of the charge were doubled: ‘The ore layer would then be 1.5 feet thick 
at the wall and 0.5 foot thick at the center. Thre corresvondin;, coke layer 
would be 1.5 feet thick at the wall and 2.5 feet at the center. Thus it can 
be seen that the size of the charge affects tiie ratio of ore to coke in 
various sections of the furnace. A variation in the ratio of ore to coke 
has a pronounced effect upon the relative resistance of the cnarge to gas 
flow. It is more important than segregation of large lumps vithin the ore 
layer. 


Summary of Causes and Control of Size Sezreczation 


Factors which decrease and increase average 
particle size in center of furnace 


1. Size segregation in e furnace is due to: (a) Greater ore-coke ratio 
at the center than at the wall caused by a sreater angle of repose of the 
ore, and (b) the large particles of ore tending to roll toward the center. 

ze. The averege size of particles at the center may be decreased by de~ 
creasing the time of depositing materials on the bed, This may be done by: 
(a) Keeping the stock line close to tle bed; (b) increasing the bell angle; 
(c) increasing speed and distance of vell drop; and (c) increasin,; bell clear- 
ance. | 
3. The average size of particle at the center is increased by: (a) Re- 
versed filling--coke on the big bell first; (b) mixing--alternating skips of 
ore and coke; (c) decreasing size of ore ciarge; and (d) decreasing bell 
clearance, 

4, Unit charging--charging ore and coke separately--seems to have little 
effect. 

5. About l2 per cent of the e::tra water in tne ore is undesirable for 
charging. Greater or less amounts of vater tnan this have little effect on 
the charging characteristics. 


7 See footnote 6, p. 27. 
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Uniformity of Size 


Homogeneity in size is an important factor in blast-furnace materials. 
A large variction in the size from ons ore Lump to another unu from ore 
lues $0 coke, Itmos will iaevitably lead to size sezresation and t> nonuni-~ 
formity in tke flow of sis. ° So1rc particles of the ctoclz rill te more or 
less shieldes frou the cas strean, walla others will be in a strong current 
of gas. The sreltereca yorticies will reacu tune lover vert of tne furnace 
cold end unreduced. he2t transfer fron gases to e.lids and deoxidation of 
iron oze, boca of which Genend upon fasegolid contact, are not carried out 
efficiently if one part cr the: furnace sets excess ¢as and tie otker part a 
deficieicy of gas. The overator can cuange the ~es cistribation of his fur- 
nace witnin eoriate Limits by changing nis method of filling. The problem 
of gas distribvution cen be “rently simplified ty the use of e charge heving 
greater c.omogeneity' in size. As the particles in a cuarge anvroacn the 
sane size tuere is little segrogation of large ana small vieces, anu re- 
Sistance to gas flov BEE Orene uniformity. 


Sizin;, of Ore 


Prommted by tie general suggestion of the Bureau of Mines thet uniform 
particle size in eacn lazer snould be umeficial, the Colunbia Steel Co., 
Izonton, Uter, now a part of tie United States Steel Corporation, is seprret- 
ing its ore into tLree sizes and charging each size separately. Kimiay£ “as 
resorted that in founcr: practice sizin;; the ore saved about 500 vownas of 
coke ver ton and increased production 110 tons per day. Or basic vig iron 
the cole saying anomted to about 4:0 vounds per ton, and production was ines 
creesed about 82 tons per dey. More recently investig=tions into the vnossi- 
pility of crvshiny and sizing Alabame ores have led to vromising results. 


Sizing of iron ore ani ciarzing tre sizes separately vould nrobably not 
be adviseble if more than one half tue ore were sualler tnen 0,5-incn. Like 
ores, as a whole, contain too large a proportion of fines to be crargea succ- 
essflly in sized portions. O:e company ie now shinning fine sizes senarate- 
ly for sintering at the furnaces. As te concenvration of iron ore develops 
and zreater attention is paid to recovery of. fine ore Brees ce ee sinterin. or 
agglomeration will increass. 


Sizing of Coke 
Some plants hve adopted the pructice of sizing tueir coke. The re- 
sults have not been as pronourced as those from sizing ore, (ne imortant 


effect of sizing coke is t:at in the eizing oneration trere is « tendency 
to segresate weaker pieces of coke into the small sizes. 


8 Kinney, S. P., Effect of Sized Ore on Blast-Furnace Operation: Tech. 
Paper 409, Bureau of dines, 1920, p. 17. 
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Figure 7.— Cross—sections of a bed of 1.05 to 0. 742-inch 
limestone and beds of fine iron ore: A, 14— to 20=-mesh 


Cuyuna ore; B, 28= to 35=mesh Cuyuna ore; C, 1.050= to 
0.742<inch timestone. 
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Voite-mn Beds ‘of Stzed and Unsized Materials 


the total volume. In a bed of particles all ahaa the same size the 
voics will range from 50 to 6C percent under comparable conditions of packs 
ing for both types of beds, The charge used in the furnace of the Columbia 
Steel Co. was fairly coarse, partly sizec, and contained 47.5 vercent voids. 
The cnarge, includizn coke, ore, limestone, and miscellaneous materials, for 
a furnace using Lace ores contained 33.2 percent voids. Fizure 7, which 
shows cross-sectio.s of a bed of 1.05-to 0.742-inck limestone and of beds 

of fine iron ore, way enable the reader to visualize the vast difference in 
the size and number of passageways for ges flow through beds of broken sol~ 
ids. The dark areas are the voids in the bed of limestone, and the lignt 
e€reas represent the voids in the beds of ore. 


Effective Area for Gas Flow 


Tue increase in voids in sized materiel is more important than it might 

appear to be because all of the void space is not effective for gas flow. 
- Gases do not move around sharp corners and consequently leave many dead 

spaces in the voics. 4& bed of typical blast-furnace stock mignt have 33 per- 
cent voids, but only 10 percent of the total area might be effective for gas 
flow, This means that tre gases in the blast furnace move faster than one 
mignt expect on tre besis of tae total voids, also taat a cuange in uniformi-~ 
ty of size or absolute size, which changes the effective free area by 1 pner- 
cent, is really ¢é ee of 1 pore in 10 and not a change of 1 part in 35. 


Furnes’ found the aitetunde of a bed of broken solids to the flow of 
g&s varied markedly wnen tle vercentaze of voids was changed a comparatively 
small amount by pecizing the bed. Figmre % sows tnat e reduction from 67.2 
to 62.6 percent yoids more tan doubled the resistance to gas flow. This 
- large chenge in resistance was dve to a large ciange in tue area effective 
for gas flow. Ino loosely packed condition & pile of spheres of uniform 
size will contain about SO percent voids :nd an effective free area for gas 
flow of <0 percent. In @ closely packed condition the voids will be about 
eo percent and the »robably effective free 2rea about 9 percent. These fig- 
ures are independent of the size of tiie suneres. In beds of iron-—ore parti- 
cles of aoproximtely the sauie screen size the voids will range from 40 to 
.60 percent and the effective free area from 10 to 20 percent, provided tue 
_ particles are allowed to drop singly; into tieir positions in a bed and no 
.. bridginz or packing occurs @:cent tiuat characteristic of the material. The 
effective free area in a blast-furnuce cuarge, representative of Lake ore 
practice, was 8.15 oercent, and tie voids vere 22 percent. 


' 
nn Sr a 
ay 


=) mira C. C., Flow of Gases Througa Beds of Broken Solids: Bail. 307, 
Bureau of Mines, 1:25, »,d2. 
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Conditions Inside Biaet Furnace 
Variations in temperature, gag — oa 
. velocity, . and SOBSOS LET OD of 2as 


| The Puicau., of ines has iavestiz vated. the interior conditions of blast 

furnaces: by taking saiiples of gas for analysis, by temperature readings, and 
by gasevelocity: readings., These observations by YinneylO tell a coherent 
story as. to the nonuniformity of the furnace from the edge to center at eie- 
vations between ti:e top of the bosh and the stock line, Figures 10, 11, end 
12 snow tke carbon. dioxide eodntent, the temperatures, and gas velocities, 
resvectively, at various vlanes-as found by Kinnoy -in a 7)0~ton furnace. The 
carton dioxide shows about & threefold varietion, tne temperature almost a 
fivefold variation, and tne velccity cf ‘the gas about a si::fold variation 
across a plane near the stock line. high gas velccity is accompanied by Xwiza 
temperatures and comparatively lov percentages of carbon dioxide. This non 
uniformity in vlane l:in the: @‘kindrical section of the top is due vrimrrily 
to size sezregation, The variation in gas velocity from about 80 feet ver 
second along tne wall to 480: feet per second in the center of tne frrnace 
indicates that the average sized particle was about 0.5 inch along the wall 
and 4,5 incues in the center of the furnace. There was very little, if any, 
ore in the center of the furnace. - ; 3 


oJ : * 


> & 
Hi 


° 
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Effect of heat capacity of charge. - 
on heat transfer = 7 ee 

The temperature at any given position in the stock colum of a blest 
furnace depends in general upon the heat carried to that part of the furnace 
by the gases and upon the heat capacity of the cnarse. Waere the ore leyers 
are thicker tne temperature is low because of the small gas flow, which 
means smell heat input, .and becayse the stock has greater heat capacity due 
to the larger reigut per unit volume. A cubic foot.of. coke weighs: about DO 
pounds,.whereas a cubic foot of ere weigh’ about 150 pounds. «Fhe specific 
heat of coke is about 0.dg5, or:very near the specific heat of ore, U.206,. 
A cubic foot of ore will therefore have peu ve se the heat capacity 
of a cubic foot of coke. ¥ | 

Ba ma 

Nonuniformity of gas flow, temperature, and gas composition is not 50 
bad as is pictured by figures 10, 11, and 12 because the greatest discrep- 
.ancies lie where tne erea per width of annular ring is small. A ring 1 foot 
.. Wide et the periphery of a 17-foot stock line has as much area as a ring 4 


feet wide extending from the. center: 


ixplorations of conditions. oe seven industriel furnaces nave shown 
verious degrees of nonuniformity in gas flow, temperature, and gas comoosi- 
_ tion. The: furnaceoperated at Ironton, Utah, on sised ores was the most 
uniform furnace investigated. Splitting tue ore into. three sizes (medium, | 
fine, and coarse) and charginz each size separately have resultec in | 


2Y¥ see footnote 5, po. 101-104. 
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Figure 10.- ‘Carbon dionide icontent 
of gases at various planes. 
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“minimizing size segrevation at tiie stock line. 


Effect of Furnace Lines on Gas Distribution 


In general, true course of the gas in a blast turnace above the fusion 
zone is controlled by the size distribution of tie charge. However, the 
batter of the furnace, weich mi; vary from 3/4 to 1-3/16 incies in l2 inches, 
has a decided effect upon the amount of as wnuich moves along the walls of 
the furnace. This ie sucwm in figures 10, 11, and 12. Temperature observe-~ 
tions, gas-velocity readings, and the caroon dioxide in the gas si:ow very 
little, if any, vail effect along slane 1 loc=ted in the cylindrical section 
of tue furnace. T-ere is a pronounced wall effect in tie lower three vlanes, 
wiere trie wall has en inward slope or batter of 1 inch in 12, Kinney ex- 
_plorea two furnaces wich were comperatively open elonz the walls and dense 
in tne center. Tacse furnzces Lad the some bell clearance and were charged 
toe same vay as tne furnace shorn in fisures 1U, ll, end 12, which nad an 
Open center and a rele.tively dense peripjicry. T:e only observable differ- 
ences were that tie iwo furnuces with oven walls )ed 1/16 inch greater batter 
on the sidewall, tise earths were 2-1/2 feot ‘ide, trey were blown 25 to 30 
percent faster, anc they had no flve dust in the charge, vherees the third 
rurnace nad about 300 »ouids of flue dust in tre ovrien. Bureau of Mines 
observetions snow ti2zt it is very <ifficull to predict the action of a fur- 
nace. Surveys, such «s tnose wade by Kinney, show the existing conditions 
for a given furnace aid ufford s vasis for correcting undesirable features. 


Witnin the pest 10 veare hearth ciameters have been increased from 16 
or 18 feet to as mich es «8 feet. It is only wituin the last 2 or 3 years 
that stock-line dicmeterg nave been i:ucreased beyond 17 feet. Tnis zradual 
widening of tne to» hes led to steeper vatters. Tie present tendency is to 
increase the top Giemeters ana to be more couservative in increasing neartn 
Giameters. x-cessive procuction of flue dust in Surnaces with narrow tops 
in proportion to heertk diameter and amount of wind blowm nave been respon 
sible in « large measure for tis development toward wider tops. <As the ton 
diameters are increased md broug::t into e more consistent relation with die 
mengions in the bottom of the furnace vatiers of 0.75 to 0,8 incn per foot 
will become more common. 


Tae discovery by the Gvreau of biines of oOo. unrealized degree of non- 
unifornity in farunces tas focused «tvenvion upon vays end means of obtain~ 
ing more uniforin conditions of teumeratare, of gas velocity, and of gas com 
position from tue perinncery to tiie center of tne furnace. However, with 
such a disparity in particle size of Lalte ores and metallurgical coke, any 
avproach tc uniform gas flow wil? ve -ifficuit. Segregation of fine sizes 
et toe mines, the increased use of sintez, and sizinz of raw materials vill 
be & forward step towerd more uniform conditions inside the blast furnace, 
Witn coarse ores, suc &s tie Alabama ores, sized charges cen be used vith- 
out the probleuw of u.tensive sintering, x:nerience with wider tops, great- 
er bell clearence, and less batter of the inwall probably will lead to better 
relationship between size of rav wuteriais, ietuods of filling, and furnace 
batter. ° | 
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Effect of Gas Distribution Upon Reduction - 


If the gas is distributed uniformly tnrough the stock, the iron ore 
will be deoxidized at ligher levels in the furnace. <A charge which contains 
‘fine ore wili usualy result -in-excess ore to coke in some part of the fur- 
nace... Tne inevitable result ig. restricted gas flow where there is greatest 
need for leat and reducing powers Fine ore offers a large amount of poten 
tiel surface for contact with carbon monoxide. .-However, it is very difficult 


to taxe advantage of tris enormous surface beceuse it is mechanically impossi- 


ble to move fine ore directly countercurrent to large volumes of gas. 


Figure 135 shows data obtained by Kinney on the percentage of total 
oxygen in the ore vhicno nad: been removed by tune time the ore reached various 
levels of three furnaces. in the Ironton furnace 96.6 percent of the oxygen 
Vas removed by the time.the ore reached a level about 42 feet below the stocz 
line (near the top of tie dosh). At about the same level only 2.4 vercent 
of the oxygen ued been removed from the ore in furnace No. 4. Such a strik- 
ing difference in two furnaces raises the question as to way most of the 
oxygen was removed from the ore in the upper section of the. Ironton furnace 
and in the vottom section: of. furnace No. 4. A general reply to this question 
would be that in furnace No. 4 there was less contact between the rising cur- 
rent of cerbon monoxide, tie agent for removing osygen, ana tae iron ore. 
This comparatively poor contact in furnace No. 4.was due to nonuniformity in 
gas flow caused by size segregation. There was a pronounced tendency for 
tie gas to cl.annel up throw h me center of the furnace where toere was con- 
paratively little: ore. es 7 


Uniformit; of si S ad Absolute ize 


The more cnt rons gas flow in the “Trenton furnace Was not Sub. toa 
coarser burden because the average particle size was 1.41 inches. for the 
Ironton furnace on these sizes of ore and 1.61 inches for furnace No. 4. A 
study of tre size of ore, coke, limestone, and miscellaneous materials used 
in trese two furnaces siows thet tne Ironton materials were more uniform in 
size. Kinneyl@ fovnd tret 1 cubic. foot of Ironton furnace stock contained 
47.8 percent voids and veisj.ed 63.3 pounds and tuat 1 cubic foot of stock 
from furnace No. 4 gontained U3.2 vercent voids and weighed 95.5 pounds. 
These values were obtained by thorougnly meee a ton: of all the material 
Peg eer by werent ats : 4 


Uniform Gas Flow and Blast Pressure 


‘The blast-furnace charge settles under ‘the force of gravity. If the 
over-all resistance of the blast-furnace stock colum is too great, high . 
pressure and wall friction exceed the force. of grevity and the furnace hangs. 
In order to meet ‘production demands, operators must work out methods of fill- 
ing paren axl allow ‘them to obey mace naan. of air without building up 


ll Kintey, S. P., Effect of Sized Ore on Plastorarasce Gperation: Tech. 
Parer 459, Bureau of hines, 1980, p. 84. _ 4 
12 See footnote ll, p. 28. 
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pressures whicn counterbalance tne force of eravity. With fine Lere ores 
it seems toyt there imust be & relatively porous ares in sowe portion of the 
charge waicn will ect as a relief valve for large volumes of ges ead thus 
prevent uigh pressure, 


If ve consider ttvo cases, one a rniform bed in which all sections offer 
the same resistance to gas flow and enotiecr bed in whicn SO percent of the 
cross-section ie uniform, wits 10 percent acting &s & caimmey, we find that 
the smalit open eection, altiouzh it is only 10 percent of tke crea, Las a 
pronounced effect wvoi. the pressure drop turouzh tie bed. For examole, if 
tne everaze particle size iu tite chimmey tiaici revresents 10 percent of the 
total erea is > inches and tre everage véerticle size in the remaininz CO 
percent of the bed is 1/2 inch, tie over-all resistance is cut down 25 percent 
by tne »resence of tie cuimmey. Such a cecrease in pressure would make a 
suostantial aifference in wind blown and the daily tonnage that migut be 
procuced. From @ purely mechauical point cf view of zetving material turoven 
tae furnace tbe overztor is able to meet tonna;.e demands by sacrificing gas 
distribution. Uniess more uniform size Cistribation of blast-furnace stock 
1s accompanied by co irsenia, of the burden, blest-furnace pressures are apt 
to be bhizser.. Sizin,.of iron ore ot Ironton, Uta, was eccommenied by 
slightly ripher bl:.st pressures. | 


Advantage of Deoxi.dizinz Iron Ore in 
Top of Blest Furnace 


The amount of cole yequired to »roduce 1 ton of pix iron is determined 
by nearth-iest requirements. In ;eneral, iearth-heat requirements for a 
particular furnace deoend -190n the silicon cad sulphur specifications for 
the pi: iron. Carvoon in pig iron is fi:.ec within narrow limits by tune na- 
ture of tie process. Pl:ospnorus is governe. entirely by tie phosphorus in 
the cuerge; end minganese, althoucl dependest somevhat upon sneltin: losses, 
is lixcewise rezulated by varying the wan-anese in tne cuerze. From cast to 
cast end cay to day onerrtors cee a close etch over the silicon and sulohur 
in the metal, Higi-sulviur and, in genersi, low-cilicon iron, which means 
off-grade iron, follows closely wnon tue seels of low iearth temperatures, 
Which implies cold tuyeres, cold slag, and cold iron. 


The ndventages of deoxiaizin; iron ore in tue top of tle blast furnace 
are not avparent util secondary reactions ere considerec. Carbon monozide 


generated at the t.yeres of a blest frrusce removes oxygen from tle ore ac- 
cordix; to tne followin: reactions 


Fe20,+ 3 CO eFe C02. 
If tnis reaction oroceeds at clevations in the furnace where the tempereture 
does not e:ceed 1,5060° C., tne yreater pert of tne carbon dio“ide so formed 
leaves the top of tle furnace. If tue reaction proceeds at: temperatires. ex- 
ceeding 1,000° C., a so-called secondary reaction takes place as follows: 
COp . C (in coke) 2 CC. 
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In addition to absorbing heat this reaction uses up coke carbon needed to 
attain temperatures at tiie tuyeres necessary in controllin; tre silicon and 
the sulp.:ur in the metal. The more intimate the gas-solid contact in the 
upper part of tne furnace the more nearly will conditions approach those in 
the ideal furnace edivocated by Griiner.42 According to Grimer's ideal all 
reduction snould take pleice by carbo. monoxide, and the resulting carbon 
dio:z.ide should leave the furnace without reacting with the carton in the 
coe. Tnat. this is tne correct principle vy which the maximum heat ma be 
generated from a given weigxt of fuel may be more fully realized by recalling 
nat 1 :ound of carbon brrned:to carbon monoxide develovs 4,375 B. t. u., 
whereas 1 pound of carbon burned to carbon dioxide develcps 14,750 B. t. u. 
or more tian three tiwes as much.: 


Direct reduction 


“Direct Reducv sen with solid sah on. is allegeca to occur accorcing to the 
equation, . 


FeO a = Fe + CO. 


It is debatable w.ietner this is not the net result of the reactions, 
FeO + CO = Fe + COs; 
and C0Op + C= 2 co. 


This is an academic question, as the effect is the same in both cases; that 
is, the coke carbon needed to generate heat at the tuyeres is used atove tie 
tuyeres by a Beat absorbing reaction. 


. Percent carbon gasified at the tuyeres 


As a result of vrewature combustion of the cake by oxygen from the ore 
or limestone, stbstantiaél amounts of carbon are gasified above the tuyeéres. 
- Data, compiled by the writerl¢ and covering. 55 American furnaces, showed 
that an averaze of 384 nounds of carbon per ton of pig irdn wes sasified 
above the tuyéres. ‘vans, Reeve, and Vernonl® examined data from 145 fur~ 
naces and found tuat in the marimum numberof furnaceg 350 paqunds of carbon 
were gasified above the tuyéres. In general, 20 to 25 percent of the carbon 
is gasified above the tuyeres. 


13 Gruner, M. L., Blast-Farnace Phenomena: Translation by L. D. kb. Gordon, 

Henry Cary Baird Co.:, ‘Philadelpzia, Pa., 1874, p. 2&. Johnson, J. #., Jr., 

Principles, Operation, and Froducts of the Blast Furnace: new York, 15165, 

pp. 1.75, 95. pe Coes ‘Joseph W., Metallurgical Calcvlations: Ner Yorz, 

1918, p. 274, eee 

Josepi:, T. L., Behavior of Coke in tne Blast Furnace: A Review: Yearbook, 

Am. Iron and Steel Institute, 1927, p. 436. 

15 Evans, E. C., Reeve, L., and Vernon, M. A., Blast-F-rnace Data and Their 
Correlation, Part II: Paner presented at May, 1931 meeting, Iron and 
Steel Inst., o. 4. | 
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Fine materials make it difficult to approach 
Griner's ideal furnace 


This mechanicel movement of fine ore countercurrent to large volumes 
of gas usually requires a sacrifice of zasesolia contact. Decidedly bad 
practice results from furnaces which hang and slip due almost entirely to 
hish resistance to gas flow offered by tre column of stock. If the opera- 
tor is forced to use fine ore, ke charges his furnace so tnat he can meet 
tonnage requirene:its and accepts whatever gas distribution may result from 
Lis metiod of ciarzcin:;, With an average ;rade of Lake ore (51.5 percent Fe 
end 8.5 percent Sidpg) ena average coke he can still produce a ton of iron 
with a fair consumption of coke (1,S00 pounds per ton of coke) by carrying 
hign blast temperatures which assist very materially in maintaining the 
temperature at the tuyeres of the slag and of the metal, It should be borne 
in mind, however, that he is able to show a fair consumption of frel in 
spite of not because of limited reduction in tne top of the furnace, 


' Raw Materiels 
Fuels 


Charcoal wes the predominant blast-furnace fuel until 1838, when it was 
found that anthracite could also be used. Tre production of anthracite pig 
iron increased steecily, end in 1885 its. tonnage exceeded that of charcoal 
iron. In 1874, 620 American furnaces were operated; 226 furnaces used an~ 
toracite and produced nearly 50 percent of the total tonnage. The tonnage 
of nig iron mads with coke es:ceeded tuat vroduced witn charcoal in 1869, and 
in 1875 ccke surpassed ant..recite as blast-turnace fuel. Coal is still used 
in Scotland to produce comparatively small tonnages of nig iron. Tue use of 
charco#l is declining. Coke nas become the universal blast-furnace fuel. 


Coxe 


Coke, Wiich is an artificial product mace by cistilling most of the 
volatile matter from bvitumizous coal, is ti:e idoal blast—-firnace fuel because 
it can be produced in lar;e porous pieces wiich are able to withstand the 
mecinanical action of wencling before cnarging and.to withstand the abrasive 
action inside tue A.mace. lMetarlirwical coke of good quality undergoes a 
small amoimt of sise de .radation eit:.er oefore or cfter chargin: it into the 
furnace. -- Investigations of coke, vhicn nave frnisned information as to its 
ability to retain its size ard shans from trie coke-oven wiuarf to tue tuyeres 
of a blast furnace, have been the 110st fruitful in determining coke quality. 
Tie significance of the pi:ysical pronerties of coixce is more roadily appreciated 
if it is borme in mind thet the blast-furnace process involves the counter- 
movement of solids and gases. Coke, wiick acs a low balk density inside the 
'-farmece, offers the sreatest aid in producing a colvmu of ore, limestone, 
and coke somo 70 feet hig: throyj;h wiich larze volurss or gases may be woved 


“uniformly end at comparatively low pressures. Lov buik densit; in tue fur- 


nace implies low asl. content, uniformly larze pieces wit: no breeze or small 
sizes to fill the voids, and ma-immm porosity witnout sacrificing resistance 
‘to size degracation eitLer by abrasion or breakage in handling. 
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The primary function of coke ig to preduee bigs: ‘teuperatires-in_ ‘the: oe: 
tuyere zones as well as to »roduce total heat units, At-prestnt, there-.-. ~ 
is no positive correlation between coke TE eter a and attainable tempera~ 
tures upon ecMbusion. Mott aad theeler 16 after aD extensive: atudy of cole 
properties; concluceds | Dee = 


1. Since the rate of ‘combesion of coke at thé tuyéres tepeiae 7 
upon the rate of supoly of air and since tais, in turn, depends up- 
on the resistance of tie c..arge to the pessage of gasses, the pres- 
ence of muci ‘coke breezes in tue furnace will resttict its rate of 
driving. 


(Te foresoing assumes constant pressure blowing.) a 


2. The hearth temperature will be reduced by: the presence of 
small coke. 


5. A satisfactory Learth température can be most economically 
naintained with an "unreactive" coke containing out little breeze. 


: 4, The. size of a coke and its hardness affect the hearth con— 
ditions more tian does specific reactivity. 


The emphasig in these concliisions uas been Pigatly placed upon puysical | 
characteristics rather than unon combustibility whicr has ‘Deen widely and. 
loosely ciscussed in the literature on coke quality. | 


Sulphur — 


From 85 to 95 percent of the sulphur entering the blast furnace is — 
charged with the coke. It is now known rather generally tnat metal will 
absorb sulphur tien heated in the presence of coke. Sponge iron, »roduced 
in a blast furnace or in other types of reducing furnaces, will absorb sul~ 
phur from:-the fvel. Kinney found tuct metal removed from a blast furnace 
27 inches above the tuyéres anc 19 feet 3 incues above the tuyéres coatained 
0.179 and 0.07 percent sulplur, respectively. Absorption of sulphur from ~ : 
the coke apparently continues from the time-the metal is formed vntil it 
reacnes the tuyéres, If the coke contains 1 percent sulphur or uncer, there 
is no great difficulty in. reducing the sulphur in the pig iron to less than 
0.05 percent with normal. amounts of slag. H,Wwever, when the sulphur content 
of tne coke exceeds 1. percent it is usually necessary to moar ty. the preource 
to nandle.the sulphur Poona 


Difficulties vith basic slags 


_ QOperators usually prefer to use higher slag volumes rataer, than smaller 
amounts of hotter and more basic slag to eliminate sulphur because basic 
slags tend toward irregular operation, The writer believes ‘that mich of this 
trouovle is due to the tendency. of limestone undergoing calcination to form 4 


16 Mott, R. A., and Wheeler, R. V., Coke for Blast Furnaces? Tecn, Rept.l, 
Iron end Steel Industrial Research Council, Colliery Guardian Co. (Ltd.), 
London, 1930, p. 140. 
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scaffold near the zone of fusion. It requires about 43,000 calories to cal- 
cine a formla veight of limestone. Such a heat requirement has a very de 
cided effect in lowering temperatures in a region which derives its heat from 
the small heat capacity of gases. Scaffolds near the zone of fusion are the 
result of a portion of the stock remaining at sinterinz temperatures until 
permeability to gas flow is lost. 


If only siliceous ores are available, the slag volume will be nigh, end 
the penalty for eliminating sulphur will be smaller. Operators, who are for- 
tunate enough to have colxe containing 0.6 percent sulpour, can meet sulphur 
specifications in the metal with 650 pounds of slag. Wita such a sulphur 
content and with Lighegrade ore it is not unreasonable to expect a fuel con- 
sumption of 1,500 pounds of coke per ton of metal, This quantity of coke 
would introduce $ pounds of sulphur. If 1-1/2 pounds more are brought in 
with the ore and limestone, a total of 10-1/2 pounds of sulphur per ton of 
pig iron would oe charged. <A ton of metal will contain atout 1 pound of 
sulphur, which leaves 9-1/2 sounds of sulphur to be eliminated in 600 pounds 
of slag, carrying about 1.6 percent sulphur. 


The less—fortunate operator who is forced to use coke containin; 1.2 
percent slphur will probably consume about 2,000 pounds of coke, which will 
mean a total of about 25~1/2 pounds of sulphur, including 11/2 pounds from 
the ore and limestone. Deductin; 1 pound, carried off in tle wetal, leaves 
24~1/2 pounds to be eliminated in the slag. Operators usually prefer 1,200 
to 1,400 pounds of slag to eliminate this quantity of sulpour. Assuming 
that the operator with hign-sulphur coke is forced to use siliceous ores or 
gravel to build up his slag volume to handle sulphur, the writerl? has esti- 
mated that each additional 0.1 percent sulpnur will add 14 to 20 cents to 
the cost of producing 1 ton of pie iron if coke costs $4 ver ton. Such fig- 
ures will not apply in all cases, but thay show the importance of low-sulpbur 
coke in an industry based upon large output and small profits per ton. 


Coke ash 


Coal used in the production of metallurgical coke. snould be low in ash 
as well as in sulphur. As the ash in coxe increases the amount of fixed 
carbon and the calorific value decrease. -Sweetserl8 has reported that an 
increase of 1 percent in coal ash, which corresponds to an increase of 1.45 
percent in the coke ash, will add about 3 cents to the cost of pig iron if 
coke costs $6.50 per ton. Kinneyl9 studied the effect of coke asi on the 


operation of a Southern foundry furnace over a period of 10 months during 


which the ash ranged from 12 to 24 percent. The following shows the distri- 
bution of additional costs due to an increase of 1 percent ash in the coke 
on the basis of $3.50 per ton for coke, ¢1.50 per ton for limestone, and 
$2.25 for costs above raw materials, which increase directly as tie tonnage 
decreases. 


, S 

17 Joseph, T. L., uffect of. Sulphur on the Blast-Furnace Process: Trans. 
Am. Inst. Min. and Met. Eng., vol. 71, 1925, pe 460 . 

18 Sweetser, R. H., Clean Coals; How to Get It: Iron Trade Review, vol. 76, 
No. 23, 1925, p. 1445-1447. | | en 

12 Kinney, S. Pay pnpublisned report. 
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‘etounds | Cost | 


ro. OD 
-= .040 
vQ,. 125 


‘ Additional coke 
Adiitional limestore 
Slower production 
Total 


Mott and Wheeler— 20 found that, according to theoretical calculations and 
date. from blast~furnace practice in France and mglaad, the coxe equivalent 
of 1 percent ash is betwoan & and 45 pounds, depending uvon the fixed carbon 
in the coke. An averago figure would be about 40'-pounds or 2 percent of a 
siort ton. Tiis would amcont to $0.07 if coke costs $3.50 per ton ny which 
azrees very well with the estimetes by sreetser and Kinney. Louis’! estimt- 
ed tnat costs in addition to extra coke amount + to $0, 07 for each additional 
unit of ash, an 

Fieldner22 has reported that coke made from washed ¢oal nas fewer cross-— 
fractures, greater resistance _to breakage on aandling, and less small coke 
and breeze. It wold be very difficult to determine the monetary saving as 
a result of the aiproves atructure of cone nese fr om washed coal. 


a . * a oes 
‘lead . 7 


Coat: oF. rey aanittinal units of! silica. - “The reisovel: of silica is 
the most important problem in concentrating tron ore, . If the silica occurs 
as. fine sand). it’ cen’ be ' Femovet ‘simply and’ cheaply. ° ‘As the.industry under— 
takes to remove Bilica- ‘from’ ores which are more: diffie lt 4o concentrate the 


cost of éoncentration wilt: ptovably’ increase; ‘The-ecoadmical,. limit ‘of -con- 


centration will depend upon the -cbst.of - removing. - the silica and upon the 
saving in smelting the ‘contentratcd’ore:s - 


The actual cost of smelting iron ore containing varying percentaggs: of 

silicon will depend tron.a number of factors, such as cost of coke; asi, and 

sulphur’ in the coke, gas credits;, and operating charges above raw materials 

which fluctuate with furnece output,’: As pointed out in the. discussion of 

sulphur in coke, high-sulpaur fuel normally requires a larger slag volume. 

. In so far as possible oa ees ae ores skould be allocated to vlants with 
‘high- sulprur coke. Bs eee —_ sig, : 


~ The cost per en: of pig iron of smelting an additional unit. of silica 


“ 4m the ore will depend upon the following: (1) The additional coke required, 


(2) additional limestone reqiired for flux, (3) increased transportation 
caarges on units of iron, (4) Wecrease in output, and (5) slag atspoealis 


(20 = See footnote 16; “pw 147.7 - 
el) ” Louis, h., Discussion’ of, paper by C. 8. Gill, kifect of ge ee ash 
. dn the Ccke on’ Blast Purnade Worki a Jour. Iron and Stee)" Inst’, 1$27, 
' " vol. ‘116, pe 91. . 
22 Fieldner, a. C., Influence of Washing Coal on Coke properties end on Gas 
and By-Product Yields; Rept. of Investigations, 3020 ,. Bureau of mines 
way 1930, p. 12. 
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It is obviously impossible to arrive at cost figures which will apply gener- 
ally. However, an evaluation of these various items based upon assumed costs 
will illustrate how individusal pleuts can arrive at figures for treir own 
practice. 


( 

Additional coke.--It will require about 4,100 pounds of 51.5 percent 
iron ore to make 1 ton of pig iron. Zach additional unit of silica in the 
ore —~ say, atove 8.5 nercent - will intrcduce <1 pounds of silica. The prob 
lem tnen is to determine now mcn adcitional coxe, how much limestone, and 
what changes in production and transportetion costs will result from this 
additional 41 pounds of silica, This quantity of silica will increase the 
sling volume 117 pounds per ton of pis iron if the slaz contains 35 »ercent 
silica. Mott anc Wiéeler's23 summary of the carbon equivalent of 1 pound of. 
slag, as calculated by Evans and Bailey, Scott, Delacriere, Lilov, Cleuents, 
and Jpotsson, indicates that it requires about 0.29 pound of carbon to decom 
pose the limestone for 1 pound of slag and to melt tiie slag. This is equi- 
valent to 33 pounds of coke containiig: 88 percent fixed carbon. Tunese the- 
oretical values are based upon the neat generated in burning 1 pound of car~ 
bon to carbon monoxide in the tvvére zone; thrt is, the; are based upon hearth 
heat requirements. No allowance has been m.de for tne fact taunt as furnaces 
are operated 15 to <5 percent of the carbon charged is consumed in neat—ab- 
sorbing reactions outside of the tuyére zone. A correlation of slag volume 
end fuel consumption of 3 americzn firnaces and 15 English blast furnaces 
indicates that 0.4 pound of coke is a conservative figure for the coke equiva- 
lent of 1 round of slag. On tais basis, 47 pounds of coke will be required 
for an increase of 41 pounds of silica or 117 pounds of slag. This extra 
caxe will cost $0.08 at = price of $3.50 ver net ton. 


Additional limestone.--f¥orty-one pounds of silica will require about 60 
pounds of calcium oxide or 113 pounds of 55 »vercent limestone. This quantity 
of limestone will cost $0.075, if limestone is worth £1.50 ver gross ton, 


Transportation on units of iron.--T,exsportation from the Mesabi range 
and items incidentul tuereto, including 30.Us interest and insurance cuarges, 
amount to $1.79 per ton of ore delivered at lower Lake ports, »2.69 delivered 
at Manoning and Shenango Velleys, and 43.02 at Pittsburgh, The transportatbn 
charzes on 41 pounds of silica will be $0.003, $0.05, and $0.055, respectively, 
for lower Lake vorts, Sh@nango and Manoniug Velleys, and the Pittsburgn dis- 
trict. These figures show the aesirability of allocating high-silica ores 
to Lake furnaces rather than to inland furnaces. 


_ Decreased tonnage.--The reaction on this point migut be that 47 pounds 
of coke would not necessarily slov-production. Decause t.ie furnace could be 
blom faster to compensate for the increase in fuel consumption. Hovever, 
the question arises as to why the furnace is not neing driven faster if this 
ig possible. Obviously the question of tonnage will denend upon a number 
of factors, including thse immediate demand for pi,; fron. Normally, one 
would expect some cecrease in tonnage as the coke increases. 


23 Sec footnote 15, p. 144. 
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Brasser t¢4 has. rngieecad data: shoring the satiated between coke consump— 
tion and tonnage for all furnaces at: the South Works of the I,linois Steel 
Co. for 1911 and 1912. According to the record of tl.ese furnaces, eacn 
pound of adcitional coke decreases output by 0.2875 ton of iron per day. 
Tnerefore 47 pounds of coke’ would:mean a daily decrease of 13-1/2 tons or 
1.6 percent on a &00-ton furnace. Assuming thet cost items amounting to 
$2.50 will increase directly as tue. tohnage decreases 1.6 percent, the ad- 
ditional cost due to smaller. Se a wid be $J.04 per ton of vig iron, 

ee, 

S}. gies ais snosal,—-The diapeettion of additional slaz, while of minor im- 
portance cc«..2red red to other items,. should be considered. In some cases slag 
is disposed of witnout cost, while in other cases a small cuarge is necessary. 
Since tne item is small end conditions vary no attemnt mise be made to esti- 
mate costs. Ta es | 


Sumaary: of costs.--The increase in the cost of pix iron for each sddition- 
al unit of silica in the ore ney, be summarized as follows: 


Additional coke, - . $0.80 
Additional limestone, 075 
Additional transportation charges, 2003 to 055 
Doyroenere aera a 7 2046 
ae 0.228 td .250 


“e sistas: costs ver unit of silica in _irgn ore,--Thie increase in the cost 
of pi,, iron, amounting: from $0.23 to 90.25, is distributed over 1.83 long tons 


of iron ore. Therefore on the basis of tiie prices which have been assumed 
the cost of each additional unit. of silica per ton of ore will be from $0.125 
+o %0.135. Due to variations: in costs and furnace. pracusce this dienes migut 
range from 10 to 14 cents. ° a de, _ 


$ize Preparation of Ores 


Uniformity 0 of size 


. The difficulty of charging fine iron ‘ore ee blest-furnace coke in such 
& way as to obtain layers of stock having uniformsresistance to gas flow fron 
the periphery to the center of tie furnace Las been shown by the Bureau of 
Mines in its investigations of sctual conditions inside tne blast furnace. 
Uniformity of size is tne keynote to uniform gas distribution in the blast 
furnace. Obviously, attainment of perfect uniformity. of ore.size is too ex~ 
pensive to be considered. Investments in crushing and. sintering processes 
undoubtedly soon come:to the point cf diminishing returns; The judicious 
use of sintering, crushing, and sizing, however, can doubtless be made to 
yield good returns in many cases. Furnace operators, as:a Whole, are very 
particular about te size of cole ue pemeewone but convene voy scuaree nese 


24 Brassert, H.A., € ocern American. Eine Raturnees Practice: Yearbook, Am. 
Iron and Steel Inst., 1914, p. 62. — 
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furnaces with large quantities of fine ore. . Harrison<2 has demonstrated the 
practicability of sintering limonitic iron ores at the mine. In his opinion 
sintering will be restricted in the inmediate future to.ores with unfavor. 
able smelting characteristics, to ores cigh in fines, to ores Lig.. in mois~ 
ture w.ich offer a substantial saving in transportation, and to ores which 
fall in a double penalty range. However, he sees interesting possibilities 
in screening out finer sizes of mesabi ores, in sintering tne fines, and in 
scripping a mixture of sinter and coarser sizes, provided a premium is granted 
for improved structure. | 

According to Craig®® there are 20 wasning plants, 4 crushing plants, 3% 
washing and jigging plants, 5 crushing and screening plants, 4 screening 
plants, 2 crushing end washing plants, 1 dryin; and crusiing plant, 1 sinter- 
ing plant, 1 magnetic concentrating plant, 1 washing and screening plant, and 
l washing, screening, and sintering plant on the ijnnesota iron ranges. In 
1930 about 40 percent of the total ore shipped from Minnesota was treated 
in some manner to improve the grade or structure or both. The major portion 
of the beneficiated ore is derived from washing plants and from crusning and 
screening plants. It should be possible to segregate a great deal of this 
ore into sizes at comparatively low cost. An important step from the stand- 
point of improving tne structure would be to segregate the fine sizes from 
. the washing plants. One plant is now shippin;; their bowl-classifier product 
separately and sintering it at the furnace. This seems to be a step in the 
right direction, inasmca as the major part of this product is potential 
flue dust. Important amounts of recoverable fines are discnarged into tke 
tailings. from washing plants, There .as been little incentive for tie ore 
producers to attemmt to recover this fine material because of the limitations 
on the fines-in the shipped ore. If the fine concentrates are sezrezgated 
and sintered, furtner recovery of fines will not add potential flue dust to 
the ore shipped and detract from its physical structure. A great deal of 
progress has been made as a result of thorou.b sampling, cnemical analysis, 
and grading of ores accordin,: to chemical composition. Many blast-furnace 
irregularities have no doubt been eliminated by the use of ores of more uni- 
form analysis. If physical structure were ;;iven greater recognition in evalu- 
ating ores, much could be accomplished by the size preparation of iron ores. 


Absolute size 


+The upper limit in the particle size.of iron ore should be governed by 
resistunce to size degradation in the furnece and by reducibility. In gener- 
al, hard dense ores require lonzer time for reduction and break down less 
when subjected to mechanical action and heat, Such ores should be crushed 
to mimms 2 inches. Fine ores which roadily break down under the application 
of eat and mechanical snock can be sreatly improved ,by sintering, Reduci- 
bility under laboratory conditions does not have great significance if an 
Ore is so fine that it reaches the lower part of a blast furnace before com 
ing in contact with sufficient gas to preheat it to reducing temperatures 
and to reduce it, 


zo Harrison, Perry G., Sintering Limonitic Iron Ores at Ironton, Minn.: 
Am, Inst, Min. and hiet. Bmg., ‘tech. Pub. 284, New York wmeetins, February 
1930, 12 pp. | 

26 Craig, John J., Mining Directory of Minnesota: Bull. Univ. of Minnesota 
sch. Mines Exp. Sta., 1931, pp. 192-193. 
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A great many furnace: operators are intereated in obtaining ores wuich 
will add enonza alvmina to their burdens't» alloy them to »roduce slaz cons 
taining about 14 percent clumina rati:er than. 10 to l2 percent alumina, It 
is claimed that better control of sulpuur is possible with the slags higher 
in alwiina. Alumina tencs to increase che: teacpereture ct which the slag — 
reaches the hesrth and also retards te descent of the iron globules tiLrough 
the slag, both of thich would wid desulvburication. Substantial amounts of 
@lumina ere derived from coke asa, -tierefore ag washed coal is used more 
generally, the demend for aluminiferous orcs ‘vill probably increase. 


Limestone — 


The amount of available calcium oxide, the size of tne lums, and uni- 
formity are the turee imcortant characteristics of limestone, As tie silica 
and elumin2 ircrease,. tne available calcium ozide:decreeses and tle slag, per 
ton and the coke per ton puch eee’ BpPronsmervely &S screens: 


Limestone 6 C20, 5.5% A 03 at SiC 2S) Limestone B (54% 080, 1.5% 41203 + Sits 
$102 + 41203 from ore ané coke, . “500 ck S103. + 10, from ore snd coke “06 
Si02 + A1203 from limestone | 8102 see Pron tmagtone 

(5.5% =x 1124 1b), 62 - (1.5% x 952 1v.), 14 
Total Si0g + Alg0z ..........0. 562 | Total S102 + M1203 se eeeeeee 614 
Total CaO (50% x 1124, 1b. ye eats Total €a0 (54% x 352 ‘Lbs. Vis-2 514 


Total slag per. ton wee eee aces Total’ Blez per ton .......... 1,028 


i Additional slag a eeticae (1,124 1b. ~ 1,028 1b.) cesecces” — 696 
Additional flux when using limestone A a, 124 lb. - 952 1d.) ... . 1? 


The’ ‘foregoing ahaws. ‘thet an ive cenae, of 4 hpeneent S109 ius AloG2 in the 
timestoné nécessitates tne use of 172 nounds more of flux and 95 pou: 8 more 
of slag are produced. MNinety-si:. additional pounds of sleg will increese the 
coke per ton by about 38 pounds (0.4 = 96) which, at $3.50 per ton, rill amount 
to about $0.07 per ton of pig.iron. Production would be slowed up about 1.2 
percent on an 800~ton furnace,,. which would incresse the cost above rew materi- 
Bls by about $0.03. Taus it can be seen that 4 .:ercent silica plus alumina 
would add about 10 cents, to the cost of.a nen. of pig pPon dure to: addition- 
al coke. required end. slower production. cae | 

if limestone costs $1, 50 per gross” ‘ton, the fluxing or wold be 

- $1.50 or $0.64. Due to the penalty of 10 cents for adiitional coke 
and slower production, the fluxing charge. when using tue lower—zrade lime- 
stone is reouired, therefore the cost per gross ton shculd not axceed $1.08, 
if the Ligh-grade li:nestone can be vurchased for $l. 00, ‘The difference of 
$0.42 per gross ton of limestone is due to 4 igen more silica ‘plus ‘eluuina. 


™~ 
‘ 


oan fees, SS 
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It appears therefore that each percent of silica plus alumina in Jimestone 
decreases tue value of limestone 10 cents per gross ton. iiaccoum— states 
that each decrease of 1 percent silica between 5 and 1 percent reduces the 
value of limestone approz-imately 16 cents per ton, 


Size of lirestone 


As a safeguard against fluctuations in silica and alumina as well as 
increasing amounts of these two elements furnace operators prefer larser 
sizes of limestone. Many operators prefer limestone rangin;; between 2 and 
& inches tecause size preparation eliminates fine material high in silica 
and alumina, If furnaceinen could obtain tae same quality and uniformity in 
smaller sizes of limestone, « great deal of prejudice against smaller sizes 
of limestone would probably: disapnear. 


Furnas£8 found that calcination of limestone proceeds from the peri- 
phery of the piece toward the center alon,, tiie phase boundary between the 
calcined and uncelcined parts of the piece. This phase boundary is shown in 
figure 14. The line of calcination advanced at.a constant linear rate 
(measured in centimeters per. hour) which increased with temperature but was 
independent of the size or shape of particle, degree of calcination, and 
previous heating. It is therefore a simple matter to compute the time re- 
quired to calcine pieces of limestone of various sizes once the rate of ad 
vence of the line of calcination is imow ‘for various temosratures. Since 
the calcination proceeds.from all sides of the piece toward the center, the 
size of the piece should be e-pressed as the average minimum cross section. 
The distance through whicl. the line of calcination will advance will be one 
ralf of the average minimum cross section or thickness of tne piece. For 
example, -Furnas found that the line of calcination of the limestone used in 
his tests advanced at 0.69 centimeter per hour wien the temperature surround- 
. ing the piece was 1,000° C. ‘ould therefore require 8 hours to calcine 

& piece 11 centimeters thick [i = 8). These data indicate that pieces 
of. limestone 3 to 4 inches thick (7.6 to-10.15 centimeters) reach the top 
of the bosh or lower before calcination is completed. 


Limestone undergoes no size degradstion before calcination. As the 
outside surface calcines tre pieces probably undergo some reduction in size 
due to the mechanical action in the furnace. Unless it is known that a lime- 
stone breaks down readily after calcination there seems to be no reason for 
using S=- or 6-inch pieces of limestone. It seems probable that pieces of 
limestone of this size are not completely calcined until~témperatures are 
reached at which the C02 evolved will readily attack the coke according to 
tue ern oe asta 


Cz + Cn 2 CO. 
2? Maccoun, A. E., Hocent Blast-Furnace. Advencement: Blast Furnace and 
Steel Plant, vol. 49,:1915, p. 671. 
28 Furnas, C. C., The Rate of Celcination of ttasetone: Ind. Eng. Chen., 
vol. 25, May 1931, p. 534. 
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Thdé ebjection ‘to this reaction.is that carbon needed in supplying heat in the 
hearth is used up ‘in a neat absorbing reaction above the tuyeres. «a lime- 
stone which breaks down readily after calcination should be used in larger 
sizes. Rate of calcination, which can readily be determined, and strength 
after calcination should govern the size, assuming that uniformity and grade 
can be maintained, 


. nar 


Opinions as to the relative merits of Golomite and calcite as flux vary 
widely. Bowles’? has pointed out that the opinions of operators are often 
“contradictory. McCaffery, Goff, Oesterle, Lorig, and Fritcie round that 
in seneral magnesia lowers the viscosity of blast-furnace. slag and tends ‘to 
smooth out changes in viscosity due tc variations in composition. This sta~ 
bilizing effect upon viscosity snould, in their opinion, stabilize desulphuri- 
zation, ‘whict. would be true if there were no marked change in the ciemical 

activity of the slag with variations in magnesia content. Although many 
- ocinions have teen epressed on the merits of ma;nesia and lime in removing 
sulphur, systematic data supporting these cpinions are lacking. McCaffery 
and his associates have contributed valuable information by showing the ef-— 
fect of magnesia upon sleg viscosity. To apply tigir | data, hovever, more. 
information is needed uyon the effect of viscosity. ‘upon desvulphuri zation 
and silicon reduction. tes | 


Factors to ‘ve Considered in a Blest-Furnace Enterprise 
Supply of raw materialg | 
A supply of coking, coél is of first importance in a blast-furnace en- 


~ -terprisé. Analyses of écdal indicates suitability from the standpoint of 


ash’ and sulphur, but information on coking quality and on by-product yields 
requires ettensive small-scale tests whi ch should be followed by oven tests, 
The investigetion by Marshall’ ‘And . _Bird== of coals from Pierce County, Wash., 
illustrates the type of experimental work which is necessary to investigate 
the suitability of coal for making _ blast-furnace coke. Their investigation 
Was ‘divided into three parts, consisting of a geological survey of the coal 
“property, washing and crushing ‘seatg ¢ of the coal, and coking and by-product 
tests. 


29 Bowles, Oliver, Utilization Srobleqe of Metallurgical Limestone and 
Dolomite: Am. Inst. Min. and Met. Eng., Tech. Pub. 62, February meeting, 
1928, pp. 6-7. 

SO McCaffery, R. S., Goff, I. N., Oesterle, J. F., Lorig, C. H., and 
Fritche, 0. 0., Wiscoailty of Blast-Furnace Slags: am. Inst. tin. and 

| Met. Eng., Tech. Pub. 383, February meeting, 1931, pp. 6-11. pe 

Sl Marshall, S. M., and Birc, B. M., Agzlutinating, Coking, - and Byproduct 
Tests of Coals frou Pierce County, Wash.: Bull. 336, eepect of Hines. 

-+ 1931, 31 pp. ° 
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The grade of iron ore and limestone which can be used will depend upon 
transportation charges and the cost of coke. « comparison of blast~furnace 
practice in Alabama and in the Nortiern States using Laice ores will show 
how transportation charges effect. the grade of material which may be used. 
Coking coel, tron ore, and flux occur in the Birmingham district elong a 
belt about 75 miles long. according to. Crane®< the alabama iron ores have 
the following percertuge composition; Iron, 3.36 to 36.41; lime, 15.74 to 
19.1; silica, 9.68 to 12.78; alumina, 2,75 to 3.38; phosphorus, 0.267 to 
0.325. Lake Sunerior iron ores nad an averase percentage composition for 
1930 as follows: Iron, 51.35; silica, 8.7; phospnorus, 0,095; manganese, 
0.82; moisture, 10.92. Onerators in the Sirmningnan district use an ore con 
taining about 15 percent less iron taan Lace Superior ore. This means wore 
ore, higher slag volume, and more coke per ton of pig iron. Due to the 
favorable location of raw materials in the Birwingnan district, southern 
Operators are able to cormmete with those in tue Nortn because lower costs 
of raw materials assembled at the blast—furnéce plent com ensate for lower- 
rade iron ore and a somewhat lower grade of flux. 


Markets 


Pig iron.--Tie size of a furnace can be varied witain certain limits to 
meet tne imaricet for pig iron. The most recent single furnace plants have a 
cavacity from 400 to 500 tous per day or from 140,000 to 175,000 tons per 
year. Construction of smaller furnaces is questionable from an economic out- 
look, ! : 


Gag.--Steel mills offer an outlet for large quantities of blast-furnace 
and colte-oven gas. In tae: case of a single furnace plant,. operated indepen-— 
dent of stecl mills, a m-rket for excess blast-furnace and coke-oven gas is 
an imoortant item. 


Coke.--A market for coke that is too small for a use adds 
to the econemic outlook of a single furnace plant. | 


Capital outlay 


The Bureau of Mines has received many inquiries about blast-furnace en~- 

- terprices: from peonle who have no idea of tiie cost of building a single blast- 
furnace’ piant,: _Sin.le-fornace plants will cost 4 to 5; million dollars, de-— 
pending upon the size and location of tue plant and many other factors. 


SULMARY 


The blast furnace is a heat generator, a gas producer, a heat inter- 
changer, @ aeoxidizing chamber, and a meitixn, furnace... Ore, whica is the 
source of the iron, limestone, which is used as a flux, and coxe, which is 
used as a icol, ere clierged into the top of tne furnace by means of a bell 
32 Crane, W. R., Iron Ore (icematite) Mining Practice in tne Birmingham 

District, Ala.: Bull. 239, Bureau of mines, 1926, p. 13. 
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and hopper. ‘Large’ ‘volumes of hot berbon monoxide and nitrogen eye enerated 
by burning coke in small zones in front of the tuyéres, through..which pre- 
heated air.is edmitted. -As the coke is gasified in the combustion zones 
around the periphery. of. the furnace the charge descends under tne force of 
gravity. ~ Heat, generated. at the tuyéres is carried to upper levels of the 
furnace by the’ Yising gas. stream, woich gives up heat to the solid ‘g tock &6 
the gas movés along a ‘tortious path formed by the voids in the. charge. The 
gas stream ‘follows the. path of least resistance which is through that portion 
of tae stock. wiich contains the greatest effective free area for-passage of 
‘the gas. Tuie. dowmiward movement of the stock is affected by the location of 
the combustion zones in which the coke is being gasified. Since these zones 
are located around the. periphery of the. furnace, the stock: settles faster . 
alons the walls than in. the center,.. oe | | 3 

‘The upper part of the furnace is a heat interchanger and ¢ a deoxidizing 
chamber. The efficiency with which heat is acquired by the stock and the 
efficiency witn which oxygen is removed from the iron ore by hot carbon. 
monoxide gas depend upon the opportunity for gas—solid contact prcevided in 
tne size preparation of raw materjals and in methods of charging. 


The Bureau of Mines investigations of "ee experimental blast furnace 
and several industrial furnaces, show that. uniformity of size as well as ab-— 
“ solute size have a pronounced effect upon the gas distribution in the blast 
furnace. An unrealized cegree of nonuniformity in temperature, in gas flow, 

and in gas composition in tke, upper pant. of the furnace is due partly to 
ize segregation at the stock. line and ‘partly to furnace lines. Although . 
‘the. charge may contain. 30 percent. voids only apart of the space is available 
for gas flow. The sizing of ore and the charging of three sizes (medium, 
fine, and coarse) separately have proven an effective means of obtaining more 
uniform ges flow, lower fuel. consumption, and increased output. Such a prac- 
tice can readily be adopted if about one half of the ore is larger than one 
half inch. ‘For the fine ores in the Lake Superior district, steps toward 
agslomeration will have to accompany sizing of the ore. Segregation of fine 
concentrates and sintering at the furnaces are steps which have been taken 
_.by one.  COMDADY,.. rer better size ae as of the oro. 


{ea 
2 ws 


° the. phy sical, characteristics, of 26s nave first importance, Coke, which 
has’ a low bulk. density, in the furnace, . is very desirable, This implies low 
ash content, uniformly large pieces with no breeze or small sizes to fill 
the voids, and maximum porosity without sacrificing resistance to abrasion 
and to size degradation in handling. Sulphur and ash in coke detract from 
its. value... If.an operator. is forced .to use siliceous ores or to charge gravel 
to build up: slag volume to, handle; sulphur, each additional percent of sulphur 
will add.from 14 to 20. cents... the cost. of. pig iron. Various estimates in- 
dicate that. each percent. of additional coke ash will add about 13 cents to 

he cost of producing a ton of pig iron. 

The economical limit of, concentration of iron; ore will depend upon the 
cost of removing the silica and upon the saving in smelting the concentrated 
ore. Due to variations in costs of raw materials and in the sulphur in the | 
coke tue cost of each additional unit of silica per ton of ore will range 
from 10 to 14 cents and skould be calculated for each set of conditions. 
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The value of fluxing limestone devends upon available calcium oxide 
above that required to flu:: tue silic:. and alumina in the limestone, upon 
the size of the lumms, and upon uniformity in composition. Each additional 
percent of silica plus alumina in fluscing limestone will decreace its value 
by about 10 cents per ton. Blast-firnace operators prefer larzscr sizes of 


limestone vecause tne size preparation results in more uniform iimestone 
of better ,:rade,. 


Althou;h many opinions have been expressed about the merits of magnesia 
and lime in removin;; sulphur systematic data are lacking. Viscosity wzeasure— 
ments by McCaffery and his associates show that in general magnesia tends 
to lover and stabilize the viscosity. Tie o:-timum viscosity for aiding the 
desulphurization of the iron and silica reduction are not known, 


A supply of coking coal is of first imzortance in a blast-furnace enter- 
prise. The grade of all raw materials wnicn may be used will depend upon 
transportation cherzges in asseublins tiem at tue furnace site. A market for 
about 140,000 to 175,000 tons of pig iron should be available. Markets for 
small-size coke and excess blast-furnace and coxe-oven gas add to the economic 
outlook of a single mercuant pig-iron furnace. Tie cost of a single furnace 
plant will range from 4 to 54 million dollars. 
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